Highly transparent, anti-reflective, flexible, and conductive electrodes are produced by nanopatterning of a polymer composite made of single wall carbon nanotubes (SWNTs). The formation of nanostructures creates interconnected nanotubes and vertically aligned SWNT networks which greatly improves charge transport compared to a traditionally mixed composite. These electrodes moreover possess high transparency (98% at 550 nm) and good anti-reflective properties. The use of low nanotube loadings provides an economical solution to make conductive and highly transparent flexible electrodes. The process used is simple and can be easily scaled to large areas by roll to roll processes. V C 2013 AIP Publishing LLC. [http://dx
Due to its very good optical and electronic properties, indium tin oxide (ITO) has been one of the most used materials for transparent electrodes and opto-electronic applications. 1 However, ITO is scarce, expensive, and it is brittle which makes it particularly unsuitable for flexible electronics. 2, 3 One of the most promising replacement materials for highly conductive and flexible electrodes often uses carbon nanotubes (CNTs). Due to their exceptional electronic properties, CNTs have been widely used to produce optoelectronic devices and transparent electrodes. [4] [5] [6] [7] [8] [9] However, a recurring problem for this type of electrodes is the inverse relationship between conductivity and transparency. 10 Indeed, high conductivity is typically obtained at the expense of transmittance. Moreover, high concentrations of nanotubes are necessary to produce highly conductive electrodes, which increases their cost of production. Common values for sheet resistance and transmittance for a spin coated film of CNTs are around 60 À 200 X=ٗ for 85%-90% transmittance at 550 nm. 11, 12 Electrodes based on carbon nanosheets with 99% transmittance showed sheet resistance as high as 300 MX=ٗ. 13 An electrode made from a blend of 1 wt. % nanotubes in poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) with an addition of 6 wt. % glycerol gave a sheet resistance of 1200 X=ٗ for a 96% transmittance, 14 while a blend of 5 wt. % multi walled carbon nanotubes with poly(p-phenylene benzobisoxazole) had a conductivity of 1:6 Â 10 À4 S=cm for a transmittance of 64%. 15 Moreover, high concentrations of nanotubes (4-5 wt. %) are usually necessary to obtain high enough conductivity, which strongly affects transmittance, increases materials' costs, and makes it more difficult to obtain good nanotube dispersion in solution.
In this letter, we demonstrate the fabrication of single wall carbon nanotube (SWNT)/polymer composite electrodes which are conductive, highly transparent, and antireflective at very low nanotube loadings (0.1 wt. % and 0.02 wt. %). Typically, such low nanotube concentrations do not produce any measurable conductivity because too few nanotubes are available to form a continuous path for charge transport. In this study, the use of such low concentration of nanotubes, much below the percolation threshold, is made possible due to the formation of well interconnected 3D nano-networks obtained by a controlled and gentle nanoscale flow produced during the fabrication of the composite layer 16 with nanoimprint lithography. The vertical arrays of nanotube networks are made in a controlled way with dimensions ranging from 100 s to 1000 s of nm laterally. The creation of these networks provides good charge transport and high transparency at low nanotube loading, which strongly reduces costs of production. Moreover, the formation of nanostructures in the composite provides good anti-reflective properties, which is advantageous to reduce light losses at the front electrode. [17] [18] [19] The method is simple and can be applied to almost any type of polymer, thereby enabling easy tuning of the physical and chemical properties of the nanocomposite layer. These composite layers can be produced on large areas and the method used is compatible with roll-toroll processes for next generation of organic electronic devices. Furthermore, no dopants or surfactants are used, which simplifies the processing of the nanotubes and reduces the probability of introducing defects during processing. We demonstrate the formation of these nano-networks of SWNTs on both rigid glass substrates and flexible plastic substrates, making this method versatile and attractive for use in next generation of flexible devices.
The fabrication process is schematically shown in Fig.  1 , and described below. The samples were made of a first thin layer of SWNTs (mixture of semiconducting and metallic nanotubes) embedded into polystyrene (PS) and of a second layer of pure PS spun on top of the first layer. The SWNTs were dispersed in ortho-dichlorobenzene (oDCB) at a concentration of 0.13 mg/ml using ultrasonication. The dispersion was then filtered and diluted into 50 vol. % chloroform in order to prepare a 0.5 wt. % PS solution containing 0.065 mg/ml SWNTs. The PS/SWNTs solution was spin coated on a substrate (highly P-doped silicon, polyethylene terephtalate (PET), or glass) at 5000 rpm for 15 s in order to make a smooth, 22 nm thick layer. Next, a 7 wt. % PS solution was spun at 5000 rpm for 60 s to create an 860 nm thick film to produce a micropatterned composite film. nanopatterned composites, a thinner layer of PS was deposited from a 3 wt. % PS solution spun at 3000 rpm for 60 s to create a 110 nm thick film layer with high conductivity and transparency. For transmittance measurements, the composite films were produced by the same procedure on a glass or transparent PET substrate.
Cured poly(dimethylsiloxane) (PDMS) molds were prepared by casting a mixture of liquid PDMS and its precursor (Silgard 184) in a 10:1 ratio against a patterned silicon master. The preparation of the Si master molds is made by optical or e-beam lithography. Two types of structures were produced and compared in this work. The first one is nanostructured pillar 365 nm high with a diameter of 400 nm and a periodicity of 780 nm ( Fig. 1(c) ). The second one is a microstructure made of 1.5 lm high pillar with a diameter of 4 lm and a periodicity of 6 lm ( Fig. 1(d) ). The structured molds were used to form imprints into the composite layer at a pressure of 5 bar, 110 C and an imprinting time between 3 and 10 min. The mold was first placed on the polymer film to be imprinted. The polymer was then heated above its glass transition temperature T g and pressure was applied to the mold, making the polymer flow into the mold cavities, as shown in Fig. 1(a) . Then, the polymer was cooled down below T g and the mold was removed, leaving the imprinted patterns as shown in Fig. 1(b) . The resulting patterns were characterized using an optical microscope, an atomic force microscope (AFM) and a scanning electron microscope (SEM). SEM pictures of the microstructures and nanostructures are shown in Figs. 1(c) and 1(d). The pillar height was 1.54 lm for the microstructures and 310 nm for the nanostructures. Pillar diameters were 3.18 lm and 412 nm, and the periodicities were 5.88 lm and 756 nm for micro-and for nano-patterns, respectively. The composite samples were a microstructured one with a total thickness of about 1.8 lm with a SWNT concentration of 0.017 wt. %, a nanostructured one of about 367 nm thick with a SWNT concentration of 0.11 wt. % and a control sample consisting in a non structured film with a thickness of 1.1 lm and 0.015 wt. % SWNTs homogeneously mixed in it.
Electrical conductivity was measured across the thickness of the electrodes made of insulating PS and SWNT deposited on either a rigid substrate (e.g., silicon or glass) or a flexible plastic substrate with very similar results. The schematic of the conductivity measurement is shown in Fig.  2(a) . The top electrode used for the measurements (referred to as "measurement electrode") was made of a silver coated PDMS stamp, which ensured good conformal contact between the electrode and the top part of the imprinted patterns. Visualization of the contact area between the PDMS electrode and the composite patterns under a high resolution microscope showed that contact occurred only on top of the patterns, not in between.
A sweeping voltage was then applied between the top and the bottom of the patterned composite film, and the current flowing across the film was recorded with high precision. The voltage step was 0.005 V and the sweep speed was 0.02 V/s. Results obtained on a doped silicon substrate are shown in Figs. 2(b) and 2(c) with electrodes imprinted with micro-and nano-structures, as well as a non-imprinted composite made of PS and SWNTs, and a patterned sample containing only PS. The pure PS layer, and the composite layer prepared by traditional mixing of the polymer with SWNTs were both nonconductive (10 À10 À 10 À9 S=m) as shown in Fig. 2(c) . The mixed composite is referred to as "nonstructured mix" in Fig. 2 . By contrast, the conductivity of the patterned samples containing the same concentration of SWNTs as the mixed composite was strongly increased by %5 and 7 orders of magnitude for the microstructured and the nanostructured electrodes, respectively. The micropatterned samples, in which micron sized structures are formed ( Fig. 1(d) ) produced a current in the order of 1 mA at 1 V applied voltage. The current measured across the nanostructured composite at the same applied voltage was nearly 100 times higher than in the microstructured composite.
An electrical conductivity of 1:79 Â 10 À2 S=m for the nanostructured sample and 2:8 Â 10
À3 S=m for the microstructured sample was measured. The concentration of nanotubes in each sample was 0.11 wt. % for the nanostructures and 0.017 wt. % for the microstructures. These values are well below the statistical percolation threshold which means that the conducting paths created in these samples is produced by the formation of well structured networks of interconnected nanotubes during formation of the patterns. These samples should not be conductive. This is evidenced in Fig.  2(b) where it is clearly shown that the "non-structured mix" sample is not conductive, although the concentration of nanotubes is the same as in the patterned samples. Moreover, comparing the huge increase in conductivity between the patterned pure PS sample and the patterned composites clearly indicates that nanotubes are present in the patterns (or pillars) and that they moreover form a continuous path, or network, from top to bottom of the composite layer (see Fig. 2(a) ). This is also evidenced by the Raman data shown in Fig. 3 . Raman spectroscopy is an establish method for the detection and characterization of carbon nanotubes. 20, 21 We performed Raman spectroscopy mapping (with 200 nm lateral steps) on the patterned composite with a 633 nm laser, and measured the intensity of the G-band (1594-1607 cm À1 ) which is characteristic of the carbon nanotubes present in the sample. 22, 23 The map shown in Fig. 3(a) represents the amount of nanotubes in the patterned layer as a function of lateral position along the sample. The intensity profile in Fig.  3(b) clearly shows an increase in the G-band intensity in the regions corresponding to the patterns, which means that a higher amount of nanotubes are present in the patterns compared to the regions in between (outside) the patterns.
Therefore, during the imprinting process the nanotubes embedded in the bottom polymer layer were dragged by the flow of liquid polymer which was created by the application of pressure. Moreover, in the case of the micropatterns, we know that the length of one single nanotube (700 nm) cannot bridge the thickness of the layer (1800 nm); therefore, several nanotubes much be connected to each other to form a conductive path inside the pillar. Therefore, the process shown here forms networks of interconnected SWNTs inside the imprinted pillars, as shown on Figs. 1(b) and 2(a) . This leads to the strong increase in conductivity measured in these samples compared to a traditionally mixed sample or a patterned sample without SWNT. Some more differences were observed between the micropatterned and the nanopatterned composite electrodes, and are discussed below. Fitting of the I-V curves was done using a power law I ¼ b Ã V a with I the current, V the voltage, and a and b the parameters to be determined. 24 The results are shown on Fig.  2(d) . The fitting shows that the nanostructured film as well as the microstructured film at low voltages (below 0.2 V) follow an ohmic behavior. At higher voltages, the microstructured film shows space-charged-limited conductivity.
Ohmic behavior in the nanostructured sample is likely due to the creation of a conducting path made of single nanotubes which bridges the gap between the bottom and the top of the patterned film. Indeed, the nanotube average length is %700 nm, which is longer than the thickness of the nanopatterned film (%360 nm). In the case of larger microstructures, the mechanism of charge conduction is expected to be different because three or more nanotubes must be connected to each other in order to render the film conductive across its thickness. Since a mixture of %70% semiconducting and %30% metallic nanotubes was used, Schottky barriers are created between the two different types of nanotubes. 25 These barriers typically imped charge transfer in composites made of a mixture of semiconducting and metallic nanotubes. In the thinner nanostructured layers the occurrence of Schottky barriers is greatly reduced, and a larger number of nanotubes can form a direct conducting path across the layer, unlike in the case of larger microstructures. This probably explains the higher currents and higher conductivities measured in the nanostructured samples. It is interesting to note that at voltages above %0:2V, the current-voltage relationship in the microstructured SWNT network changes from linear to a power law with an exponent of 2.26. The microstructured sample for voltages above 0.2 V was also successfully fitted based on Poole-Frenkel conduction model. This model assumes that, under a high electric field, electrons are able to use energy provided by the electric field to reach the conduction band and therefore increase the measured current. 26 Further experiments, including studying the conductivity dependence on the temperature, should be done in order to confirm this hypothesis.
Optical transmittance and reflectance of the patterned and non-patterned electrodes was measured using a UV-vis spectrophotometer both in transmission and in reflection modes. The transmittance and reflectance values obtained for the nanostructured, microstructured, and nonstructured electrodes are shown in Fig. 4 . The measurements show that the optical transmittance of the electrodes at 550 nm is above 93.7% for the microstructured electrode and 98.2% for the nanostructured electrode. The reflectance from a glass slide, the micropatterned, the nanopatterned, and the nonstructured composite layers are shown in Fig. 4(c) . In the visible range from 450 to 600 nm, the non-patterned (and non-conductive) composite reflects between 8% and 10% of light, whereas the patterned and conductive composite electrodes show much reduced reflectance (%42% À 50% less for the nanopatterns and %50% À 60% less for the micropatterns). Therefore, these conductive patterned composites are not only highly transparent but also show very good antireflective properties. The nonstructured electrode has no anti-reflective properties, and reflects almost two times more light in the visible range than the structured electrodes. Antireflective properties of these patterned electrodes make them attractive for optical and photovoltaic applications where reflection losses at the front surface have to be minimized.
Pictures of the electrodes made on a flexible PET substrate are shown on Figs. 4(b) and 4(d). It can be seen that the electrodes are color neutral, allowing their use in applications where good restitution of colors is of great importance, such as display applications. In particular, the nanostructured electrode in Fig. 4(b) is highly transparent, conductive, and anti-reflective. By comparison, the microstructured electrode shows some degree of diffuse reflectance and less transparency. The electrical and optical properties of these electrodes were maintained after several bending cycles (20 cycles) , showing their robustness.
In summary, highly transparent, conductive and antireflective nanostructured SWNT composite electrodes were produced by a simple process using nanoimprint lithography. Besides their good electrical and optical properties, these electrodes were produced with a very low nanotube loading, making them attractive as low cost electrodes for a number of applications. Ability to produce these electrodes on flexible substrates shows very good potential for large area and highthroughput production using roll to roll methods for next generation of organic and carbon based opto-electronic devices.
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